The effects of 1 5-HETE on isolated canine arteries were similar to those of 15-HPETE.
Abstract-The vascular effects of 15-hydroperoxyeicosatetraenoic acid (15 HPETE) and 15-hydroxyeicosatetraenoic acid (15-HETE) were investigated on isolated helical strips of canine cerebral and coronary arteries . 15-HPETE caused strong concentration-related contraction of cerebral arteries under resting tension. After contraction with prostaglandin F2, (PGF2a), 15-HPETE caused marked relaxation of coronary arteries.
The effects of 1 5-HETE on isolated canine arteries were similar to those of 15-HPETE.
The relaxation of coronary arteries caused by both 15-HPETE and 1 5-HETE was completely inhibited in the presence of aspirin, but not in the presence of tranylcypromine.
Preincubation of coronary and cerebral arterial strips with 1 5-HPETE or 1 5-HETE resulted in suppression of the production of 6-keto-PGF1a from exogenously added arachidonic acid; and 15-HPETE , but not 15-HETE, enhanced the production of HETE(s) significantly.
Aspirin blocked 15-HPETE induced HETE(s) production in coronary arteries.
On cerebral angio graphy, strong contraction of intracranial arteries was observed after intracisternal injection of 15-HPETE.
On the other hand, 15 HETE had little effect on intracranial arteries in vivo. The mechanism of the vascular effects of 15-HPETE and 15 HETE will be discussed.
Arachidonic acid, released from cellular phospholipids by various stimuli, is the precursor of a diverse range of vasoactive compounds including PGs, thromboxane A2 (TXA2), prostacyclin (PG12), leukotrienes (LTs) and other lipoxygenase products. PGs, PG12 and TXA2 are formed via a common endoperoxide precursor, PGG2, through a cyclooxygenase pathway (1) , and LTs result from a lipoxygenase pathway (2) . In the latter pathway, lipoxygenase catalyzes the formation of arachidonic acid hydroperoxide. For example, 12-lipoxygenase, which is found in platelets (3), forms 12-HPETE. 15 Lipoxygenase which is found in soybeans (4), reticulocytes (5) , polymorphonuclear leukocytes (6) and eosinophiles (7) yields 15-HPETE;
and 5-lipoxygenase in poly morphonuclear leukocytes (8), neutrophils (9) and macrophages (2) converts arachidon ic acid into 5-HPETE. However, the physi ological activities of the primary products of lipoxygenases have not been suffici ently clarified.
Several physiological activities of these arachidonic acid hydroperoxides have been reported. 15-H PETE showed vasoconstrictive activity toward cat coronary arteries (10), rabbit aortic strips (11 ) and canine basilar arteries in vivo (12) or in vitro (13) . 15 HPETE is reported to inhibit thrombin induced arachidonic acid release from platelets (14) . Inhibition of enzymatic activity has also been reported. PG12 synthetase (15, 16) and leukocyte or platelet lipoxygenase (17) are inhibited by platelet (15) or soybean (16, 17) lipoxygenase products. Inhibition (18) and potentiation (19) of lipoxygenase activity by 15-HETE have also been reported.
In the present work, we extensively examined the vasoactivity of 1 5-H PETE in addition to that of 15-HETE, which is a secondary product of 15-H PETE in the 15 lipoxygenase pathway, and obtained some interesting results. The vascular action of 1 5 lipoxygenase products will also be discussed in connection with other products in the arachidonic acid cascade. The column was of Cosmosil 5SL (spherical silica particles, 4.6X150 mm). The mobile phase was n-hexane/isopropyl alcohol/acetic acid (991 :8:1, v/v), and the flow rate was 2 ml/min. Fig. 1 B. The structure of 15-HETE was verified by gas chromatography-mass spectrometry (Shimadzu Auto GC-MS 6020, Shimadzu Seisakusho, Kyoto). The purities of 1 5-HPETE and 15-HETE were 96% and 99%, respectively, as judged by H PLC.
Studies with isolated canine arterial strips: The vascular effects of 15-H PETE and 15-HETE were investigated on helical strips of isolated canine cerebral and coronary arteries according to the method described elsewhere (22) . Mongrel dogs of either sex, weighing 7-12 kg, were anesthetized by intravenous injection of sodium pentobarbital (30 mg/kg) and killed by exsanguination from carotid arteries. Cerebral (basilar and middle cerebral) and coronary (left anterior descending and circumflex) arteries were dissected out as soon as possible and cleaned. The arteries were helically cut into strips of approximately 25 mm in length. The arterial strips were fixed vertically between hooks at a resting tension of 1.5 g in organ baths of 20 ml capacity containing Krebs-Henseleit solution (pH 7.40-7.45).
The bathing medium was maintained at 37+0.5°C and was continuously aerated with 95%02 and 5% CO2. The upper end of each strip was connected to the lever of a force-displace ment transducer (Model TB-611T, Nihon Kohden Co., Tokyo). Isometric contractions and relaxations were recorded on an ink writing oscillograph (Model WE680G, Nihon Kohden Co., Tokyo). The strips were allowed to equilibrate for 60-90 min. The bathing fluid was changed frequently during the equilibration period. Vascular effects of 15 H PETE and 1 5-H ETE were studied with arterial strips under resting tension or after partial contraction with 2-6x10-7 M PG F21. These percentages were used to draw con centration -response curves. The preincu bation period was 20 min in the experiments with aspirin, imidazole or tranylcypromine.
Metabolism of 3H-arachidonic acid in canine arteries: Experiments on 3H arachidonic acid metabolism in canine coro nary and cerebral arteries were carried out as follows. The arteries were obtained by the same method as described in the study of isolated canine arteries. The arteries were cut into small strips (about 3x5 mm) and frozen at -20°C until use. There was no difference in arachidonic acid metabolism between freshly prapared and frozen arterial strips. The tissue (30-50 mg) was preincubated for 20 min at 37°C in 4 ml of Krebs-Henseleit solution saturated with 95% 02 and 5% CO2 with 10-4 M 1 5-H PETE, 10-4 M 15-H ETE or a vehicle. After preincubation, 3H-arachidonic acid (0.5 /[CI) in ethanol solution (50 ,al) was added to the incubation mixture and the reaction mixture was incubated for a further 30 min at 37°C under a 95% 02 and 5% CO2 atmosphere. The reaction was terminated by the addition of 1 M citrate to bring the pH of the reaction mixture to 3. The mixture was then chilled and extracted with 5 ml chloro form three times. The resulting organic phase was collected and evaporated to dryness under a stream of nitrogen gas at 0°C.
The residue was then dissolved in a small amount of ethanol and applied to a precoated silica gel plate (TLC plates of Silica gel 60 F254, 20x10 cm, 0.25 mm thickness). The plate had been previously activated at 200°C for 1 hr. PGE2, PGF2, 3H-6-keto-PGF1., 3H-TXB2 , 15-HPETE, 15-HETE and arachi donic acid were also applied to the plate as reference compounds.
The plates were developed with an organic phase of ethyl acetate/iso-octane/acetic acid/water (11:5: 2:10, v/v) at -20°C. Reference compounds were located under ultraviolet light, by iodine staining or by radioactivity counting. The silica gel was scraped off from the plate in 3 mm bands from the origin to the front of the developing solvent and was collected in counting vials. Ten ml of scintillation fluid (5.5 g of 2,5-diphenyloxazole and 0.1 g of 1,4-bis[2-(4-methyl-5-phenyloxazoyl)] benzene in 1 liter of toluene containing 33% Triton X100) was added to each vial, and the radioactivity was measured with a liquid scintillation counter (Tracor Analytic, model Mark III 6881, Chicago).
In the experiments with aspirin, the tissue was pretreated with 10-4 M aspirin for 20 min before the preincubation with 15-H PETE, 1 5-HETE or a vehicle.
Vertebral angiography: Adult male mongrel dogs, weighing 8-13 kg, were anesthetized by intravenous injection of sodium pen tobarbital (30 mg/kg). The body temperature of the dogs was kept within the physiological range. The trachea was opened for artificial ventilation.
The left vertebral artery was dissected free from surrounding tissues and catheterized for angiography. 1 5-H PETE or 15-HETE was dissolved in 0.5% bovine serum albumin in the form of a lipid emulsion (1 mg/ml). The cisterna magna was pos teriorly approached for intracisternal injection by displacing the muscles of the posterior neck. 
Results
Effects of 15-HPETE and 15-HETE on isolated canine arteries: Under resting tension, application of 1 5-H PETE elicited concen tration-related contraction of isolated canine cerebral arteries in the range from 1 X 10-8 to 2x10-5 M (Fig. 2A) . When the strips of canine coronary arteries were partially pre contracted with 2-6x10-7 M PG F2,11, con centration-related relaxation was elicited by the addition of 15-HPETE (Fig. 2B) . 15 H PETE caused contraction of cerebral arteries even after precontraction with 2 6X10-7 M PGF21 (data not shown). The development of contraction and relaxation in these strips was slow and took a few minutes to reach a plateau (Fig. 2) .
1 5-H PETE elicited marked contraction of cerebral arteries and the maximum con traction induced by 2x10-5 M 1 5-H PETE relative to the contraction induced by 3 X 10--2 M KCI averaged 71 ±4.7% (n=1 3) (Fig. 3A) , whereas 15-HPETE caused only slight con traction of coronary arteries (data not shown). The maximum relaxation of coronary arteries induced by 2 X 10-5 M 1 5-HPETE relative to the relaxation induced by 10-4 M papaverine averaged 83±3% (n=16) (Fig. 3B) . 15 H ETE elicited similar effects on isolated canine arteries to those of 15-HPETE, although 15 H ETE showed higher ED50 values (the mean values of the median effective concen trations) than 15-HPETE (Fig. 3) . The ED50 values of 15-HPETE and 1 5-HETE in cerebral arteries were 1.50±0.08 X 10-6 M (n=13) and 1.99±0.44X10-6 M (n=1 3), respectively. The ED50 values of 1 5-HPETE and 1 5-HETE in coronary arteries were 4.01 ±0.04 x 10-7 M (n=16) and 1.73±0.28x10-6 M (n=13), respectively (Fig. 3) .
Modification by aspirin, imidazole and tranylcypromine of vascular effects of 15 HPETE and 15-HETE: The concentration response curves for 15 HPETE after exposure to various agents were studied for coronary and cerebral arteries. The vascular effects of aspirin and tranylcypromine were studied on coronary arteries. In coronary arterial strips, the relaxation induced by 15-HPETE was completely blocked by pretreatment with 10-4 M aspirin (Fig. 4A ). Tranylcypromine (10-4 M), a drug known as an inhibitor of pro stacyclin synthetase, did not show any significant effects on 15-HPETE induced relaxation of coronary arteries (Fig. 4B) . The relaxation of coronary arteries induced by 15 H ETE was also completely blocked by the pretreatment with 10-4 M aspirin, but not by pretratment with 10-4 M tranylcypromine (data not shown).
In cerebral arterial strips, pretreatment with aspirin (10-4 M) or imidazole (10-4 M), a drug known as a thromboxane synthetase inhibitor, slightly enhanced 15-HPETE induced contraction (data not shown). Incubation of cerebral arteries with 3H arachidonic acid produced 6-keto-PGF,a (a breakdown product of PG12, Rf=0.16) and HETE(s)tt (Rf=0.51). When the arterial strips were incubated with 3H-arachidonic acid in the presence of 15-H PETE (10-4 M) or 15-HETE (10-4 M), inhibition of 6-keto PGF,. formation and enhancement of HETE(s) formation was observed (Fig. 5) . No significant changes of other metabolites in the arachidonic acid cascade were observed. As shown in Table 1 , pretreatment of the coronary arteries with 15-HPETE or 15-HETE significantly reduced 6-keto-PGF1,; formation. In cerebral arteries, both 15 H PETE and 1 5-H ETE also significantly reduced 6-keto-PGF,,, formation. On the other hand, 15-H PETE significantly enhanced HETE(s) formation in both coronary and cerebral arteries, whereas 15-H ETE showed no significant effects on the formation of HETE(s) ( Table 1) . (1, Rf=0.16), PGF2, (2, Rf=0.29), TXBZ (3, Rf=0.36), PGE2 (4, Rf=0.39), 15-HETE (5, Rf=0.51), 15-HPETE (6, Rf=0.56) and arachidonic acid (7, Rf=0.64). Arrows represent the origin of the chromatogram. The incubation, ex traction and isolation of products on TLC were carried out as described under "Materials and Methods". Table 1 . Effects of 15-H PETE, 15-HETE and aspirin on the formation of 6-keto-PGF,,, and HETE(s) in canine arteries However, the formation of HETE(s) enhanced by 1 5-HPETE was significantly suppressed in the presence of 10-4 M aspirin.
Cerebral angiography: I ntracisternal in jection of 15-HPETE caused strong con traction of intracranial arteries of pentobarbital anesthetized dogs (Fig. 6 ). It took a few hours to reach the maximum contraction. At 120 min after intracisternal injection of 15 HPETE, the diameter of basilar arteries was reduced to 57.5% of that before intracisternal injection of 15-HPETE, and branches of basilar arteries showed complete obstruction; vertebral arteries, cerebellar branches and pontine branches were hardly recognizable. The maximum contraction was maintained up to 270 min.
On the other hand, 1 5-H ETE had little effect on canine intracranial arteries up to 300 min after intracisternal injection (n=3). The internal diameter of basilar artery and other intracranial arteries did not change after intracisternal injection of 15-HETE up to 10 mg. 
Discussion
It was reported that lipoxygenase products of arachidonic acid have strong vasoconstric tive effects on isolated arteries. For example, coronary arteries of diabetic dogs (23), cat coronary arteries (10), rabbit aortic strips (11) and canine basilar arteries (13) were con stricted by 15-lipoxygenase (10, 11, 13) or 1 2-lipoxygenase (10) products of arachidonic acid. The lipoxygenase products used were either the unpurified lipoxygenase products of arachidonic acid (11, 23) or purified by thin layer chromatography (TLC) (10, 13) . However, we found that the TLC fraction positive to peroxide reagent was still com posed of more than five components on H PLC as shown in Fig. IA . Therefore, it is necessary to use a highly purified compound in such experiments to determine whether a pure arachidonic acid peroxide shows a strong vascular action or not. In the present work we isolated 15-HPETE and 15-HETE in pure forms and used them in experiments on canine arteries.
As shown in Figs. 2A and 3A, the purified 15-HPETE caused strong concentration related contraction of cerebral arteries under resting tension. An interesting finding was the vasodilative activity of 15-HPETE as shown in Figs. 2B and 3B. After the arterial strips were contracted with PGF2a, 15-HPETE caused marked relaxation of coronary arteries.
Another interesting result was that 15 HETE elicited similar vasoactive effects to those of 15-HPETE as shown in Fig. 3 toward cerebral and coronary arteries, although 15-HETE showed higher ED50 values than those of 1 5-H PETE with respect to both contraction of cerebral arteries and relaxation of coronary arteries.
With regard to the mechanism of vascular effects of 15-lipoxygenase products of arachidonic acid, it was reported that a adrenergic, serotonergic, histaminergic and cholinergic mechanisms were not involved in the contraction of cerebral arteries by the products (11, 13) . We also verified that neither serotonin, KCI, aspirin nor imidazole showed significant effects on 15-HPETE induced contraction of cerebral arteries (data not shown). Thus, the direct action of 15 H PETE on cerebral arteries was suggested.
1 5-H PETE and 15-H ETE elicited the relaxation of coronary arteries precontracted with PGF2a (Fig. 3B) as well as those precontracted with either 5-8x10-3 M KCI or 2-3X10-8 M serotonin (data not shown), suggesting that PGF2a is not specific for the relaxation.
The relaxation was completely abolished by pretreatment with aspirin, but not by that with 10-4 M tranylcypromine. Although 10-4 M tranylcypromine was reported to be sufficient to inhibit vasodila tation of isolated canine renal arteries by angiotensin II (24) , it was also reported that 10-2 M tranylcypromine was required to inhibit the formation of PG12 from arachidonic acid (13) . Therefore, tranylcypromine which we used in our experiments may not be sufficient to inhibit PG12 synthesis. However, since tranylcypromine itself, at high concen tration, caused contraction of isolated arteries, it was not proper to use 10-2 M tranylcy promine for the inhibition experiments.
For the reason described above, we could not rule out the possibility that PG12 is not involved in the relaxation of coronary arteries. arachidonic acid is due to the increase in the release of arachidonic acid from membrane is not vigorously ruled out. Aspirin that blocks the relaxation of coronary arteries induced by 15-HPETE suppressed 15-HPETE induced HETE(s) pro duction as well as PG12 synthesis. Inhibition of the formation of lipoxygenase products from arachidonic acid by aspirin was reported with rat neutrophils (25) . However, aspirin also blocked 15-HETE induced relaxation of coronary arteries. Consequently, HETE(s) other than 15-HETE or other lipoxygenase product(s) may be responsible for the relaxation of coronary arteries. Recently, lipoxygenase products of polyunsaturated fatty acid were supposed to be endothelium derived relaxing factor (EDRF) (26) . However, the nature of EDRF is still unknown.
The 1 5-H PETE induced contraction of cerebral arteries might be explained by the inhibition of vasodilative PG12 formation and by the enhancement of vasoconstrictive lipoxygenase products formation in addition to the constrictive effect of 15-HPETE itself as previously postulated by Koide et al. (13) . Ham et al. pointed out the importance of active oxygen in the deactivation of PG12 synthetase (16) ; however, we found that 15-HETE (having no active oxygen) also inhibited PG12 synthesis from exogenously added arachidonic acid (Fig. 5) . It was also reported that mannitol, a scavenger of hydroxy radical, and superoxide dismutase, an enzyme catalyzing the dismutation of superoxide, failed to inhibit the contractive response of 15-HPETE (13) .
Recently, Sasaki et al. (12) reported that intracisternal injection of 15-HPETE caused cerebral vasospasms in vivo. However, since 15-HETE, known to be produced from 15 H PETE by endogenous peroxidase or a non enzymatic process (6), had a vasoconstrictive effect in vitro, as discussed above, the action of 1 5-H PETE might be due to the formation of 1 5-HETE. Therefore, cerebral vasoconstrictive effects of 1 5-HETE in vivo were investigated in comparison with those of 15-HPETE. As shown in Fig. 6 
